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Pervasive admixture between eucalypt species has 
consequences for conservation and assisted migration















































versity	 and	 examining	 population	 genetic	 structure	 in	 datasets	 with	 and	 without	








shows	that,	 in	plants,	decisions	around	provenancing	of	 individuals	 for	 restoration	
depend	 on	 knowledge	 of	 whether	 hybridization	 is	 influencing	 population	 genetic	
structure.	 For	 species	 in	which	most	 genetic	 variation	 is	 held	within	 populations,	
there	may	be	little	benefit	in	planning	conservation	strategies	around	environmental	
adaptation	of	 seed	sources.	The	possibility	 for	adaptive	 introgression	may	also	be	
relevant	when	species	regularly	hybridize.
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1  | INTRODUCTION
Substantial	biodiversity	declines	are	occurring	in	many	regions	of	the	





synergistic	 interactions	 between	 stressors	 placing	 some	 ecosys-
tems	under	high	 threat	 of	 rapid	 collapse	or	 changes	 in	 ecosystem	
state	(Brook,	Sodhi,	&	Bradshaw,	2008;	Lindenmayer,	Hobbs,	Likens,	
Krebs,	&	Banks,	2011;	Lindenmayer	&	Sato,	2018).	With	such	wide-
spread	changes	facing	ecosystems,	 it	 is	critical	 to	understand	how	
these	stressors	interact	with	the	fundamental	ecological	processes	
operating	 within	 and	 between	 foundation	 species,	 to	 adequately	
manage	biodiversity	across	landscapes.
Using	 genetic	 approaches	 to	 inform	management	 activities	 al-
lows	 conservation	 efforts	 to	 be	 targeted	 towards	 sites	 of	 unique	
genetic	 composition	 or	 adaptive	 importance,	 making	 population	
genetic	studies	valuable	in	many	taxa	(Ikeda	et	al.,	2017;	Maunder,	
Cowan,	Stranc,	&	Fay,	2001;	McCartney‐Melstad	&	Shaffer,	2015;	
Reynolds	et	 al.,	2015).	To	maximize	beneficial	outcomes,	 it	 is	 vital	




ant	 for	 developing	methods	 of	 assisted	 gene	 flow	 to	mitigate	 the	
impacts	of	climate	change	and	other	threatening	processes	(Kelly	&	
Phillips,	2016;	Supple	et	al.,	2018).
Genetically	 informed	 conservation	 requires	 a	 detailed	 under-
standing	of	the	spatial	distribution	of	genetic	diversity,	particularly	
as	 it	 relates	to	environmental	adaptation.	Spatial	genetic	structure	












nome	 are	 becoming	 more	 common	 (Gaughran	 et	 al.,	 2018;	 Hand	
et	 al.,	 2015;	 Harvey,	 Aleixo,	 Ribas,	 &	 Brumfield,	 2017;	 Hudson,	
Freeman,	Myburg,	Potts,	&	Vaillancourt,	2015),	and	several	studies	
have	 investigated	 patterns	 of	 nuclear	 genetic	 structure	 and	 gene	
flow	across	large	geographic	regions	(Hecht,	Matala,	Hess,	&	Narum,	










species	 in	 many	 ecological	 communities.	 For	 such	 an	 important	




eucalypts	because	 it	 tends	 to	disperse	 further	 than	seeds	 (Barber,	
1965;	Petit	et	al.,	2005;	Potts	&	Wiltshire,	1997).	Comparisons	of	the	
maternally	 inherited	chloroplast	 and	biparentally	 inherited	nuclear	
DNA	have	 shown	 that	pollen‐mediated	gene	 flow	can	be	up	 to	at	
least	200	times	greater	than	seed‐mediated	gene	flow	in	some	spe-
cies	(Bloomfield,	Nevill,	Potts,	Vaillancourt,	&	Steane,	2011;	Nevill,	
Bradbury,	Williams,	 Tomlinson,	 &	 Krauss,	 2014),	 although	 at	 least	
one	 study	 found	 that	 gene	 flow	 from	 seed	 dispersal	 is	 practically	
equivalent	to	that	from	pollen	dispersal	(Jones,	Shepherd,	Henry,	&	
Delves,	2006).
Given	 the	 importance	 of	 understanding	 population	 genetic	
structure	 for	 conservation,	 and	 the	 knowledge	 that	 hybridization	
in	 eucalypts	 is	 a	 widespread	 and	 common	 phenomenon	 (Griffin,	
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states	of	Victoria	and	Tasmania.	 It	 is	 the	 tallest	angiosperm	 in	 the	
world,	with	reliable	records	of	 individuals	exceeding	100	m	(Beale,	
2007;	Hardy,	1918,	1935).	It	is	also	a	serotinous	obligate	seeder,	re-
quiring	 high‐intensity	 fires	 to	 open	 the	 understorey,	 create	 fertile	
ash	beds	 and	 stimulate	 the	mass	 release	of	 seeds	 from	 the	 forest	
canopy	(Ashton,	1981b;	Ashton	&	Chinner,	1999).	Without	fire,	trees	
are	 typically	unable	 to	produce	offspring	 that	 survive	 to	maturity,	
primarily	due	to	predation	of	seeds	by	ants	(Ashton,	1979;	O'Dowd	
&	 Gill,	 1984),	 low	 availability	 of	 light	 (Gilbert,	 1959),	 browsing	 of	
seedlings	by	herbivores	and	fungal	infection	of	seedlings	(Ashton	&	
Macauley,	1972).
Eucalyptus regnans	 is	 patchily	 distributed	 through	 a	700	km	by	
500	km	 area,	 growing	 only	where	 climatic	 conditions	 are	 suitable	
(Cochrane,	 1969).	 It	 reaches	 its	 highest	 elevations	 (>1,100	m	ASL)	
in	 the	 northernmost	 part	 of	 its	 range,	 on	 the	 Errinundra	 Plateau,	
and	grows	near	to	sea	level	in	some	southern	parts	of	its	Tasmanian	
distribution.	 As	 the	 island	 of	 Tasmania	 has	 been	 separated	 from	
the	 Australian	mainland	 by	more	 than	 200	km	 for	 over	 ten	 thou-







mostly	as	hybrid	individuals	between	E. regnans and E. obliqua,	and,	
less	commonly,	E. regnans and E. macrorhyncha (Ashton,	1958,	1981a;	
Ashton	&	Sandiford,	1988).	At	least	two	individuals	have	also	been	
found	that	appear	to	be	tri‐hybrids—the	result	of	a	E. regnansx obli‐
qua hybrid	individual	mating	with	a	E. macrorhyncha (Yorke	&	Ashton,	
1982).	 As	 red	 stringybark	 does	 not	 occur	 naturally	 in	 Tasmania,	
E. regnans × macrorhyncha	hybrids	do	not	occur	there.
2.2 | Sample collection
We	 collected	 387	 E. regnans	 tissue	 samples	 from	 across	 its	 geo-
graphic	 distribution	 (Figure	 1).	 At	 each	 of	 16	 sites,	 we	 walked	 a	






caused	 a	 reduction	 in	 the	 size	 and	 frequency	 of	 old	 undisturbed	
patches	of	trees	(Lindenmayer,	Blanchard,	Blair,	McBurney,	&	Banks,	





locations	 (Supporting	 Information	Table	S1).	Twenty‐one	E. obliqua 
samples,	 taken	 from	 the	Cathedral	Range	 region	 in	Victoria,	were	
also	sequenced	to	allow	us	to	determine	the	extent	of	hybridization	
between	the	two	species.	All	samples	were	putatively	identified	as	
E. regnans or E. obliqua	 using	 purported	 diagnostic	 morphological	
characters	(Brooker	&	Kleinig,	2006).
Tissue	 collected	 was	 mostly	 cambium,	 obtained	 by	 cutting	
through	 the	 rough	 and	 smooth	 bark	 using	 a	 machete,	 and	 slicing	
off	a	10	×	5	×	0.2	cm	strip.	A	small	number	of	samples	were	leaf	tis-
sue,	collected	by	climbing	trees	using	standard	arborist	techniques	



























Approximately	 600	mg	 of	 each	 tissue	 sample	 was	 chilled	 to	
−65°C	 and	 homogenized	 using	 an	 automated	 tissue	 grinding	 ma-











using	 microfluidic	 capillary	 electrophoresis	 (PerkinElmer	 LabChip	




ing	was	 conducted	 at	 the	Australian	Cancer	Research	 Foundation	
Biomolecular	Resource	Facility	 (BRF)	at	 the	John	Curtin	School	of	
Medical	 Research	 (Australian	 National	 University)	 on	 portions	 of	
four	 lanes	(grouped	with	other	E. regnans	sequencing	experiments)	
of	 an	 Illumina	 HiSeq	 2500	 machine	 using	 a	 100‐base	 paired‐end	
read.
2.4 | Demultiplexing and initial filters
Of	the	408	samples	(387	E. regnans and 21 E. obliqua),	sequencing	re-
sulted	in	nearly	1.49	billion	read	pairs.	We	demultiplexed	reads	using	
exact	 matches	 and	 combinatorial	 index	 mode	 with	 Axe	 (Murray	
&	 Borevitz,	 2018)	 and	 were	 unable	 to	 assign	 7%	 of	 read	 pairs	































We	 investigated	 individual	 admixture	 proportions	 using	 three	
techniques	 and	 averaged	 the	 results	 to	 improve	 accuracy	 and	 re-
liability.	 Firstly,	 the	 Bayesian	 clustering	 method	 in	 STRUCTURE	
v2.3.4	 (Falush,	 Stephens,	 &	 Pritchard,	 2003;	 Pritchard,	 Stephens,	
&	Donnelly,	 2000)	was	 used,	with	 a	 50,000	 burn‐in	 and	 200,000	
Markov	chain	Monte	Carlo	(MCMC)	iterations,	a	K	value	of	2,	using	






using	 the	 snpgdsAdmixProp	 function	 of	 the	 “SNPRelate”	 package	
(Zheng	et	al.,	2012;	Zheng	&	Weir,	2016),	with	the	same	2,192	SNPs	






























quiring	 the	minor	 allele	 to	be	present	 in	 at	 least	 eight	 individuals,	
retaining	 16,634	 loci.	 Bar	 plots	 of	 admixture	 for	 all	 380	 samples	







or	0.6–1	indicating	closer	affinity	to	E. regnans or E. obliqua,	respec-
tively	 (Field,	 Ayre,	Whelan,	 &	 Young,	 2009;	Melville	 et	 al.,	 2017).	
While	 this	 method	 of	 identifying	 hybrid	 individuals	 is	 unlikely	 to	
have	completely	removed	admixture	from	the	study,	we	considered	







method	of	 removing	 outlier	 samples	 (Jordan,	Hoffmann,	Dillon,	&	
Prober,	 2017;	 Supple	 et	 al.,	 2018),	we	 first	 checked	whether	PCA	









ulation	 and	mapped	 this	 across	 the	 landscape	 using	 the	 “ggplot2”	
and	“scatterpie”	(Yu,	2018)	packages.
2.6 | Environmental association with admixture










mean	annual	solar	 radiation	 (RAD),	historical	 (pre‐European)	phos-
phorus	availability	(PHOS),	topographic	wetness	index	(TWI),	mean	
maximum	 temperature	 of	 the	 hottest	 month	 (MAXTEMP),	 mean	
minimum	 temperature	 of	 the	 coldest	 month	 (MINTEMP),	 as	 well	














&	Walker,	 2015)	 package,	 using	 the	 binary	 response	 variable,	 the	
seven	 unmodified	 environmental	 predictor	 variables	 and	 the	 new	














To	 determine	 the	 level	 of	 influence	 that	 unrealized	 hybridization	
can	have	on	population	structure,	we	first	 filtered	SNPs	using	call	
rate	 (≥0.4),	minor	allele	frequency	 (MAF	≥	0.01)	and	observed	het-
erozygosity	 (≤0.5).	 The	 likelihood	 that	 each	 SNP	 does	 not	 devi-
ate	 from	 Hardy–Weinberg	 equilibrium	 (HWE)	 was	 checked	 using	
the	HWChisqStats	 function	 of	 the	 “Hardy–Weinberg”	 (Graffelman,	





Filtering	was	done	on	 two	groups:	 (a)	all	 samples	 including	hy-
brids	 (but	 excluding	 the	 reference	E. obliqua	 samples)	 and	 (b)	 pure	
E. regnans	 individuals	 (i.e.,	 those	with	<10%	admixture	with	E. obli‐
qua).	 In	 the	 admixture‐inclusive	 group,	 2,474	SNPs	were	 retained.	
For	 the	pure	group,	2,481	SNPs	were	 retained.	Any	 samples	with	
more	than	50%	missing	data	were	removed	from	each	dataset,	leav-
ing	 323	 samples	 and	 228	 samples	 in	 the	 admixture‐inclusive	 and	
admixture‐free	groups,	respectively.	Visual	 inspection	of	hierarchi-
cal	clustering	dendrograms,	created	using	 the	hclust	 function	on	a	
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loci	 in	both	groups,	using	the	basic.stats	 function	 in	the	“hierfstat”	
(Goudet,	2005)	package.	To	compare	the	influence	of	including	hy-
brid	samples	on	 these	parameters,	 the	means	and	standard	errors	



























was	 performed	 using	 the	 mantel.rtest	 function	 in	 the	 R	 package	










viduals	 in	 these	populations	using	 the	 “Dch”	method	of	 the	genet.











cal	 patterns	 between	 methods	 (Supporting	 Information	 Figure	
S1).	 There	 was	 an	 even	 stronger	 correlation	 between	 the	 re-
sults	of	STRUCTURE	and	SNPRelate	 (0.98,	p	<	0.001).	Excluding	
the	 reference	 E. obliqua	 samples,	 SNPRelate,	 STRUCTURE	 and	
NGSadmix	 identified	 59,	 130	 and	 190	 hybrid	 individuals	 (>10%	
admixture	with	E. obliqua),	respectively.	All	hybrid	samples	identi-
fied	 in	SNPRelate	were	also	 identified	using	STRUCTURE,	but	a	
small	 proportion	 of	 samples	 identified	 as	 hybrids	 in	 SNPRelate	
and	STRUCTURE	were	not	identified	as	such	by	NGSadmix.	After	
calculating	the	mean	value	of	the	E. obliqua	admixture	coefficient	
for	 the	 three	methods,	 170	 samples	were	 identified	 as	 hybrids.	




Principal	 components	 analysis	 showed	 that	 highly	 admixed	
samples	 (e.g.,	 those	 from	Wilsons	Promontory)	were	 able	 to	 be	






distance	 within	 E. regnans,	 meaning	 that	 distance‐based	 meth-








mixture,	 with	 a	 mean	 E. obliqua ancestry	 coefficient	 of	 0.87.	 The	
Tasmanian	sites	on	Bruny	Island	and	the	Tasman	Peninsula	also	had	






suggesting	 that	 these	 two	 variables	 had	 the	 strongest	 effects	 on	
the	probability	of	hybrid	occurrence.	Sites	with	a	high	MAXTEMP	
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The	 removal	 of	 hybrid	 individuals	 from	 the	 dataset	 modified	 the	
values	 of	 the	 genetic	 parameters	 investigated	 (Figure	 5),	with	 the	
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F I G U R E  5  Comparison	of	genetic	parameters,	including	the	
inbreeding	coefficient	(FIS),	genetic	differentiation	(FST),	expected	
heterozygosity	(HE)	and	observed	heterozygosity	(HO)	between	two	
datasets,	one	of	which	contains	hybrid	individuals	(n = 323) and 
































ples,	 200	 individuals	 from	 15	 sites	were	 retained.	 The	 spatial	 ge-
netic	 structure	analysis	 in	GenAlEx	 identified	weak	but	 significant	
autocorrelation	(determined	by	inspection	of	bootstrap	confidence	
intervals)	between	genotypes	at	pairwise	distances	of	up	to	90	km,	






similar	 (Supporting	 Information	 Table	 S2),	with	 little	 variation	 in	
A,	AE,	HO,	HE,	or	FIS.	Most	sites	had	higher	HO	than	HE,	and	all	sites	
had	negative	FIS	values,	implying	that	outbreeding	is	the	common	
condition	 throughout	 the	 species	 distribution.	 Global	 FST	 was	
very	 low	 (0.03),	 and	 approximately	 equal	 to	 the	 mean	 pairwise	
FST	between	sites	(0.028),	despite	some	large	(>600	km)	pairwise	
geographic	distances	 (Figure	6).	Pairwise	FST	values	 ranged	from	
0.003,	 between	 the	 geographically	 close	 Central	 Victorian	 sites	
of	Powelltown	and	Toolangi	South	(39	km),	to	0.063,	between	the	








sites	 from	 the	Otways	 region	 (Figure	6).	The	PCoA	also	 identified	
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ples,	which	 are	morphologically	more	 similar	 to	E. regnans	 but	 ge-
netically	much	closer	 to	E. obliqua,	had	a	different	growth	habit	 to	









bridization	 in	 their	 study	 species,	 it	 is	 plausible	 that	many	 studies	
are	influenced	by	this	issue.	We	propose	that	future	studies	always	
be	explicit	in	acknowledging	the	potential	for	hybridization	between	
their	 species	 of	 interest	 and	other	 species,	 as	 gene	 flow	between	




Eucalypts	 are	 typically	 preferentially	 outcrossing,	 open‐polli-
nated,	and	often	 found	 in	sympatry	with	multiple	congeneric	 spe-
cies,	which	may	partly	explain	why	more	than	half	of	all	species	form	
natural	 hybrid	 combinations	 (Griffin	 et	 al.,	 1988;	 Potts,	 Barbour,	
Hingston,	&	Vaillancourt,	2003).	 In	addition,	many	of	these	combi-
nations	can	occur	at	relatively	high	frequencies	within	populations	
(Field	 et	 al.,	 2009;	 McKinnon	 et	 al.,	 2010);	 for	 example,	 at	 least	
27%	 of	 Eucalyptus globulus Labill.	 within	 450	m	 of	 Eucalyptus cor‐
data Labill.	 show	some	 level	of	admixture	 (McKinnon	et	al.,	2010).	








In	the	case	of	E. regnans,	hybridization	with	E. obliqua appears	
to	 be	 a	 more	 pervasive	 phenomenon	 than	 previously	 realized,	









gree	of	overlap	 in	 flowering	 times,	and	the	 level	of	phylogenetic	




some	 cases	 (Pryor,	 1976).	When	 stands	 of	 one	 species	 are	 geo-
graphically	 isolated	 from	 conspecifics,	 there	 is	 a	 greater	 oppor-
tunity	 for	 pollen	 from	 another	 species	 to	 successfully	 pollinate	
flowers	in	the	isolated	stand,	termed	“pollen	swamping”	(Ellstrand	
&	Elam,	1993;	Field	et	al.,	2009).	Additionally,	environmental	con-
ditions	 can	 influence	 the	 degree	 of	 overlap	 in	 flowering	 times,	





ering	species,	floral	development	in	E. obliqua may occur earlier in 
sites	with	warmer	 summers,	 resulting	 in	 less	 phenological	 over-




regions,	 possibly	 assisted	 by	 environmentally	 driven	 overlap	 in	
flowering	times.	The	patchy	distribution	of	E. regnans	at	these	and	





not	 atypical	 for	 eucalypts,	 with	 a	 number	 of	 studies	 (Broadhurst,	
Mellick,	Knerr,	Li,	&	Supple,	2018;	Dillon	et	al.,	2015;	Gauli,	Steane,	
Vaillancourt,	 &	 Potts,	 2014;	 Sampson	 et	 al.,	 2018;	 Supple	 et	 al.,	
2018)	finding	that	geographic	structure	does	not	contribute	greatly	
to	 population	differentiation.	 Similarly,	 the	FST	 values	 that	we	ob-
served	 between	 sites	 are	 low	 but	 comparable	 to	 those	 found	 in	






pollen	 dispersal	 (Sork,	 2016),	 there	 is	 often	 a	 clear	 difference	 in	
population	 structure	 between	 the	 nuclear	 genome	 (which	 is	 in-
herited	 biparentally)	 and	 genetic	 components	 that	 are	 inherited	




While	 it	 is	 difficult	 to	 ascertain	 the	 upper	 limit	 of	 the	 dispersal	
curve,	pollen	appears	to	regularly	disperse	hundreds	of	metres	to	
kilometres	(Bloomfield	et	al.,	2011;	Broadhurst,	2013;	Byrne,	Elliott,	
Yates,	&	Coates,	 2008;	 Sampson	 et	 al.,	 2018).	 This	 explains	why,	
when	investigating	chloroplast	structure	for	phylogeographic	pur-
poses,	Nevill	et	al.	(2010)	found	a	highly	structured	genetic	pattern	































genotypes	 that	 increase	 survival	 rates	 under	 local	 environmental	
conditions	(Kuparinen,	Savolainen,	&	Schurr,	2010).	Previous	studies	
have	shown	that	when	selection	is	very	high,	high	levels	of	disper-
sal	 can	maximize	 local	 adaptation,	 and	when	 selection	pressure	 is	













variability	 (Broadhurst	 et	 al.,	 2008;	Choi,	 2007).	By	using	only	 lo-
cally	adapted	genotypes,	managers	may	be	restricting	the	ability	of	

















tant	 (FST	>	0.1	<	0.2)	provenances.	Under	 this	definition,	 the	entire	
range	of	E. regnans would	be	considered	local	provenance.	Because	
most	 of	 the	 genetic	 variation	 of	 the	 species	 is	 already	 contained	
























There	 are	 other	 considerations	 for	 seed	 sourcing	 that	 also	
need	to	be	considered.	For	example,	climate‐adjusted	provenanc-
ing	 has	 been	 suggested	 as	 a	way	 of	 assisting	 plant	 populations	
with	adaptation	to	climate	change	(Prober	et	al.,	2015).	To	achieve	




in	 the	 recent	 literature:	 the	 issue	 of	 hybridization	 and	 intro-
gression.	The	possibility	that	some	populations	contain	a	higher	
degree	of	admixture	with	another	species	cannot	be	ignored,	be-
cause	 interspecific	 gene	 flow	 is	 one	way	 in	which	 species	may	
cope	with	 rapidly	 changing	 abiotic	 environments	 (De	 La	 Torre,	
Wang	et	al.,	2014).	By	selecting	seed	from	populations	that	have	
“adapted”	to	different	climatic	conditions,	managers	may	actually	
















admixture	 of	 varying	 levels	 with	 a	 congener,	 suggesting	 regu-
lar	 hybridization	 throughout	 the	 range	 of	 the	 species.	 As	many	
genera	of	plants	are	known	to	 form	natural	hybrids,	 it	 is	critical	
that	 admixture	 and	 its	 role	 in	 the	 adaptive	 process	 is	 consid-
ered	appropriately	in	population	genetic	studies,	as	introgressed	
populations	may	 skew	genetic	 analyses	 and	 affect	management	
decisions.	The	combination	of	widespread	hybridization	and	high	
levels	of	gene	flow	in	E. regnans, with	similar	results	having	been	
found	 for	a	number	of	other	eucalypt	 species,	 suggests	 that	 in-
trogressive	 adaptation	 through	porous	 genomes	may	be	 a	 com-
mon	way	 for	 this	 taxon	 to	adapt	 to	 rapid	environmental	 change	
in	climate	and	fire	regimes.	Selection	on	hybrids	expressing	traits	
harvested	 from	 sympatric	 congeners	may	 allow	 for	 rapid	 adap-
tive	change	to	new	conditions.	Furthermore,	as	the	occurrence	of	
hybrid	 individuals	was	not	 distributed	evenly	 across	 geographic	
or	climatic	space,	the	use	of	climatic	variables	to	select	genotypes	














Sequence	 data	 for	 all	 individuals	 are	 deposited	 to	 the	 NCBI	
Sequence	 Read	 Archive	 (SRA).	 A	 CSV	 file	 containing	 location	
data	 and	 called	 genotypes	 from	 ANGSD	 for	 all	 individuals	 are	
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